Abstract. Transition-metal nitrides, such as TiN, have a wide variety of applications as hard, wear-resistant coatings, as diffusion barriers, and as scratch-resistant and anti-reflective coatings in optics. Understanding the surface morphological and microstructural evolution of these materials is crucial for improving the performance of devices. Studies of surface step dynamics enable determination of the rate-limiting mechanisms, corresponding surface mass transport parameters, and step energies. However, most models describing these phenomena are limited in application to simple elemental metal and semiconductor surfaces. Here, we summarize recent progress toward elucidating the interplay of surface and bulk diffusion processes on morphological evolution of compound surfaces. Specifically, we analyze the coarsening/decay kinetics of two-and three-dimensional TiN(111) islands and the effect of surface-terminated dislocations on TiN(111) steps.
I. INTRODUCTION
Growth of nanostructures, and thin films in general, is a complex phenomenon controlled by the interplay of both thermodynamic and kinetic driving forces. Fundamental understanding of the processes governing the formation and stability of nanostructures can be developed via studies of the dynamics of surfaces at the atomic scale. Prior to the invention of scanning tunneling microscopy (STM) [1] and related scanning probe microscopy tools such as atomic force microscopy (AFM) [2] , field ion microscopy (FIM) [3] was the only real-space imaging technique available for resolving individual atoms on surfaces and for studying dynamic processes such as surface diffusion of single adatoms and small two-dimensional (2D) islands [4, 5] . Despite the restrictions on the type and size of materials that can be used in FIM studies, which requires high electrical fields and sharp single-crystalline tips, detailed investigations of adatom transport mechanisms have been carried out on a wide variety of metal surfaces [6] .
The advent of high-speed variable temperature and pressure STM allows studies of surface dynamics at video rates [7] [8] [9] [10] [11] for a wider range of materials. Using STM, insitu studies of the diffusion of adspecies (adatoms and advacancies), kinks, steps, and on cutting tools, a diffusion-barrier layer in microelectronic devices, a corrosionresistant coating on mechanical components, and an abrasion-resistant layer on optics and architectural glass. Since the elastic and diffusion-barrier properties of TiN are highly anisotropic, controlling polycrystalline TiN film texture is important for all of these applications. This fact has spurred interest in modeling the growth of polycrystalline TiN as a function of deposition conditions [39] . Such a model, however, requires knowledge of surface, step, and nearest-neighbor interaction energies, all as a function of orientation. Recently, considerable progress has been made toward obtaining absolute orientation-dependent step energies and step stiffnesses as well as the activation barriers for island coarsening on TiN(001) and TiN(111) surfaces [40] .
Here, we describe recent progress toward elucidating the interplay of surface and bulk diffusion on morphological evolution of TiN(111) surfaces. Section III is a brief introduction to the phenomenon of Ostwald ripening and the coarsening/decay kinetics of 2D TiN islands on TiN(111) surfaces. Section IV deals with the interplay between surface and bulk diffusion processes and their role on surface step motion. In particular, section IV.A focuses on the effects of step permeability, step-step interactions, and bulk mass transport on the coarsening/decay of 3D island stacks. In section IV.B, we discuss the role of defects such as surface-terminated dislocations on step evolution kinetics.
II. EXPERIMENTAL PROCEDURE
Epitaxial TiN(111) layers, 2000-Å-thick, were grown on polished Al 2 O 3 (0001) substrates at a temperature T = 1050 K in a load-locked multi-chamber ultra-high vacuum (UHV) system using magnetically-unbalanced dc magnetron sputter deposition [41] following the procedure described in Ref. 42 .
The TiN(111) samples were then transferred to one of two UHV multichamber microscope systems, containing either a LEEM or a variable-temperature Omicron STM, and degassed at 1073 K for approximately 2 h. Each of the multichamber microscope systems has a base pressure < 2x10 -10 Torr and is equipped with facilities for sample preparation, residual gas analysis, electron-beam evaporation, ion sputtering, Auger electron spectroscopy, and low-energy electron diffraction (LEED). Sample temperatures were measured by optical pyrometry and calibrated using temperature-dependent TiN emissivity data obtained by spectroscopic ellipsometry.
In the following sections, we describe the evolution of ensembles of 2D adatom and vacancy islands on wide terraces, 3D stacks of 2D islands, and spiral surface steps. The adatom and vacancy islands were prepared by first depositing homoepitaxial TiN(111) buffer layers (50-100 Å thick) on the TiN(111) substrates described above at 1023 K by reactive evaporation from Ti rods (99.999% purity) in N 2 (99.999%) at 1x10 -7 Torr. The buffer layers were annealed in N 2 for 4 h at a temperature T > 1100 K. Partial TiN(111) bilayers (BL) 1 with coverages of 0.1-0.8 BL were then deposited on the buffer layers by reactive-evaporation at room temperature. The samples were annealed in situ at T = 1050-1250 K in 1x10 -7 Torr N 2 for times t = 1-2 h. The overall procedure results in surfaces with ≃ 500-Å-wide atomically-smooth terraces, separated by bilayer-height steps with triangular shaped (truncated hexagons) 2D TiN(111) adatom islands for coverages < 0.4 BL and vacancy islands at higher coverages [43] . Samples containing 3D mound structures on large (>1000 Å) terraces were prepared by depositing homoepitaxial TiN(111) overlayers (50-200 Å thick) at 1023 K and a rate of ≃ 0.02 ML/s followed by annealing for 2-3 days in 5x10 -8 Torr N 2 at 1200 K. The deposition/annealing cycles were repeated until 3D mounds, consisting of stacks of 2D TiN adatom islands appeared in defect-free areas and spiral structures were formed in the presence of surface-terminated dislocations [44, 45] .
Samples investigated by STM were allowed to thermally equilibrate with the tip at each annealing temperature for 2 to 3 h prior to obtaining images at a constant rate of 18 to 44 s/frame. Typical tunneling conditions were 0.4-0.6 nA at -3.5 V. Resolution in the images varied from 2 to 5 Å/pixel. Scan sizes, scan rates, and tunneling parameters were varied to check for tip induced effects. No such effects were observed for the results presented here. The samples studied by LEEM were allowed to thermally stabilize at each temperature for 10 to 15 s prior to acquiring LEEM videos at a rate of 30 frames/s. Typical imaging conditions were 4 μm field of view (corresponding to a resolution ≃ 85 Å/pixel) and electron probe beam energies between 5 and 25 eV. Island boundaries were identified and the island areas determined during both STM and LEEM data analyses using the Image SXM [46] image processing software.
III. OSTWALD RIPENING AND ISLAND DECAY
Ostwald ripening [47] is a phenomenon in which larger islands on a surface grow at the expense of smaller neighboring islands. Figs. 1a and 1b show representative STM images (1660x1660 Å 2 ) of 2D TiN(111) adatom and vacancy islands acquired at 34 s/frame during annealing at T = 1211 K for times t = 0 and 82 min, respectively. Most of the islands observed at t = 0 (e.g., adatom islands 1-6 and vacancy island 8) have disappeared by t = 82 min, leaving only the largest island, labeled 7.
Ostwald ripening is described by the Gibbs-Thomson equation [47] in which the equilibrium free adatom concentration eq ρ associated with an island is related to the equilibrium island curvature κ through the expression eq eq ρ ρ exp kT
where eq ρ ∞ is the equilibrium free adatom concentration associated with a straight step and μ is the island chemical potential. In the specific case of a circular (isotropic) island of radius r, the chemical potential is
where β is the step stiffness, κ is the step curvature, and Ω is the unit molecular area. Smaller islands have higher curvatures and, hence, higher adatom concentrations than larger islands, resulting in mass transfer from smaller to larger islands. The triangular shapes of the truncated hexagonal TiN(111) islands indicate that they are highly anisotropic, thus Eq. (2) is not applicable. The chemical potential associated with a non-circular (anisotropic) island shape is
where κ and β are, respectively, functions of the azimuthal angle θ and the step normal φ. For an equilibrium-shaped island, the chemical potential per unit molecular area is independent of step orientation and depends only on island size, [42] ( ) ( ) 
Eq. (5) is valid for any equilibrium island shape. For the case of circular islands, the step energy β is constant (orientation-independent), B = β, r avg = r; and Eq. (5) reduces to the expression for the isotropic Gibbs-Thomson equation commonly found in the literature.
In classical mean-field theory, the decay rate dA/dt of an isotropic island exhibiting detachment-limited kinetics, which is the case for TiN(111) [43] , is given by dA
r(θ) in Eq. (6) is the radial distance from the island center to the edge as a function of θ. In the pure detachment-limited island coarsening regime, the case for TiN(111) islands [43] , eq s ρ = eq ρ ∞ and assuming that the exponential term in Eq. (5) can be expanded to the first two terms 2 , we obtain
We note that Eq. (7), which shows that dA/dt is independent of island size for a given T in the detachment-limited regime, is valid even for anisotropic equilibriumshaped islands. dA/dt, in Eq. (7), is a function of the product of the thermally-activated parameters eq ρ ∞ and K d . Thus, dA/dt can be expressed in the form dA/dt ∝ exp(E a /kT) with an activation barrier E a . From an Arrhenius plot of the island decay rates, we obtain an activation energy E ad,small = 3.3±0.4 eV for small (A < A c ) adatom islands and E ad,large = 2.3±0.6 eV for large (A > A c ) adatom islands. The activation energy for decay of vacancy islands is E vac ≲ E ad,large .
In the detachment-limited regime, E a = E f +E s +E d , where E f , E s , and E d are the adatom formation energy, surface diffusion barrier, and attachment/detachment barrier, respectively. Since E f and E s are independent of island size, (E ad,small -E ad,large ) corresponds to a difference in E d values for small and large adatom islands. It is reasonable to assume, based upon direct observations [49, 50] , that at relatively low temperatures, which is the case here where T varies from 0.33 to 0.39 of the TiN melting point in K [51] , attachment/detachment occurs only at kink sites. Thus K d , and hence E d , depend on the kink density (number of kinks per unit step length), which in turn depends on the kink formation energy ε. For TiN(111), ε 1 ≃ 0.43 eV and ε 2 ≃ 0.13 eV, where ε 1 and ε 2 correspond to kink formation energies along S 1 (long steps, "triangle" sides) and S 2 (short steps, rounded corners) respectively [52] . Thus, for large islands, attachment/detachment of diffusing species occurs preferentially along S 2 steps. Islands with A ≤ A c (A c = 1600 Å 2 ) are bounded by S 2 steps of length ≤ 4 atoms and S 1 steps of length ≤ 12 atoms. Kink formation along 4-atom-long S 2 steps involves removal of an atom to produce a double kink, which is energetically unfavorable. Thus, for islands with A ≤ A c , attachment/detachment of diffusing species occurs predominantly along S 1 steps which have higher kink formation energies and, hence, higher E ad values and lower decay rates as we observe. In the case of vacancy islands, E vac and, hence, E d are independent of island size suggesting different pathways for attachment/detachment at adatom and vacancy islands.
IV. EFFECTS OF BULK DIFFUSION ON SURFACE EVOLUTION KINETICS
In the previous section, we showed that a detachment-limited surface diffusion mechanism, driven by the Gibbs-Thomson effect, is sufficient to explain the coarsening/decay kinetics of both adatom and vacancy islands on TiN(111) surfaces. However, other effects such as bulk diffusion and interlayer mass transport can also affect surface morphological evolution kinetics, and even become dominant at higher temperatures. In the following sections, we describe two step-flow models, developed based upon the Burton-Cabrera-Frank (BCF) theory of crystal growth [53] , that account for step-step interactions, step permeability, and both surface and bulk mass transport processes.
IV.A. 3D-Mound Decay: Effects of Bulk Diffusion and Step Permeability
The coarsening/decay behavior of 3D mounds consisting of 2D layer structures in a "wedding cake" configuration has been studied extensively, both experimentally [54] [55] [56] and theoretically [57] [58] [59] . Experimental studies of the coarsening/decay kinetics of 2D homoepitaxial semiconductor and fcc metal islands stacked in 3D mound geometries indicate that the rate-limiting processes controlling island decay behavior are both qualitatively and quantitatively different from those of isolated islands on terraces [54, 55, [60] [61] [62] . In this section, we describe the coarsening/decay kinetics of concentrically-stacked 2D TiN adatom islands on TiN(111) terraces at elevated temperatures (T = 1550-1700 K). The islands exhibit repulsive step-step interactions and high step permeability rates. Fig. 3a is a typical BF-LEEM image acquired during annealing a TiN(111) sample at T = 1559 K. We follow the time-and temperature-dependent decay kinetics of several successive layers in the circled region shown at higher magnification in Fig.  3b . This simple configuration allows us to apply the step flow model, developed by Israeli and Kandel [59] . The model is based upon the BCF theory of crystal growth [53] and accounts for the effects of step-step interactions, step permeability, and both surface and bulk mass transport on surface step motion.
The i th island of area A i in a given 3D mound is characterized by its average radius r i (i is a running index which increases from the top of the mound to the bottom.) In the absence of net mass change due to deposition, evaporation, and/or bulk diffusion, the adatom concentration fields between the islands are described by the 2D steadystate diffusion equation 
In Eq. (9), D s is the surface diffusivity, K d is the attachment/detachment rate, and p is the step permeability. For an island in a stack, μ i depends on the island curvature and on elastic and entropic repulsive interactions between nearest-neighbor steps, accounting for which yields the relationship 3 [35, 54, 59] ( )( ) (
where G is the step-step repulsive interaction strength. Expanding the exponential term in the Gibbs-Thomson equation to the first two terms, as in Eq. (7), and solving Eq (8) for ρ i with the boundary conditions specified by Eqs. (9) and (10)
If the steps are permeable (p > 0), however, adatoms can hop across without becoming incorporated at the step edges and mass is not conserved locally. This results in coupling of the adatom diffusion fields on all terraces. Consequently, the equations describing the areal rate of change for the i th island are linked with those describing each of the other islands in the stack and we must solve the full equation set.
Adatom transport between the bulk and the surface also leads to local nonconservation of mass. In order to account for this possibility, we follow Ref. [56] and assume that mass exchange with the bulk occurs only near island edges at a rate K bulk . The adatom flux J i from the i th step to the bulk is then given by
where we make the assumption that the bulk chemical potential is at equilibrium. Combining Eqs. (11) and (12), we obtain an expression for the velocity dr i /dt of impermeable steps (p = 0) in the presence of bulk diffusion,
The step-flow model outlined above contains several material parameters: 0631, for each island. While this relatively strong step-step interaction tends to minimize the recoil (the spike in lower island radii observed at times corresponding to the complete disappearance of the top island), the quality of the fits are far from satisfactory. Thus, as expected, imposing complete local mass conservation cannot explain the observed results, which require the presence of highly permeable steps and/or bulk mass transport.
The solid lines in Figs. 4a and 4b are calculated best fit solutions obtained by relaxing the local mass conservation constraint. We allow step permeability (p > 0) in the absence of bulk mass transport (K bulk = 0) in Fig. 4a and bulk transport K bulk > 0 with impermeable steps (p = 0) in Fig. 4b . For the first case, the best fit parameter values are D s /K d = 100 μm, p/K d = 2000, and g = 0.00819, indicative of detachment-limited decay kinetics with highly permeable steps. In the second case, we obtain D s /K d = 0.5 μm, K bulk /K d = 2.5, and g = 0.00354. It is important to note that calculated curves obtained with bulk diffusion as the sole mass transport mechanism, e.g. with D s = 0, are not consistent with the experimental results at any annealing temperature, T = 1550-1700 K, suggesting that the observed decay of TiN(111) islands requires the presence of surface mass transport. Table 1 summarizes the materials parameters used to obtain the best fit solutions to the experimental data acquired at all four annealing temperatures in the two limits for which mass is not conserved locally: step permeability and bulk mass transport. Excluding bulk diffusion leads to high step permeabilities with D s /K d values which are much larger than the average terrace width (~ 1000 Å). This is a signature of detachment-limited kinetics and, as such, is in agreement with previous hightemperature (T = 1000-1250 K) scanning tunneling microscopy (STM) measurements of 2D TiN island coarsening/decay kinetics on TiN(111) terraces [43] . If we include bulk mass transport with impermeable steps, we obtain K bulk /K d ratios of order unity except at T = 1590 K, where K bulk /K d = 10. The calculated D s /K d values in Table 1 .B also correspond to detachment-limited kinetics, but they are significantly smaller than the results obtained for permeable steps. This large difference in D s /K d values can be understood as follows.
Step permeability by itself does not facilitate mass transport. It must be accompanied by fast surface diffusion in order to significantly violate local mass conservation. For bulk diffusion, this is not the case and mass is not conserved locally even with a modest value of D s /K d .
Overall, we find that the agreement between the experimental data and the calculated results obtained with non-zero K bulk values is better than that obtained with high p/K d values. However, the differences are small and we cannot quantitatively distinguish between the two processes. Since step permeability, unlike bulk-diffusion, is a surface process and given that bulk-point defects usually have larger formation and diffusion energies than surface adspecies, the energetics controlling island decay should provide additional insights into the controlling mechanism. To this purpose, we measured island decay rates as a function of temperature for 23 islands at four different temperatures between 1550 and 1700 K [44] . From least-squares analyses of the results, we obtain an activation energy E d of 2.8 ± 0.3 eV for the decay kinetics of 2D TiN(111) islands stacked in 3D mounds. This is consistent with the previously reported value of 2.3 ± 0.6 eV determined from STM observations of the decay of large 2D TiN(111) islands on atomically-flat terraces [43] . The fact that we obtain an E d value which is significantly lower than the bulk-mass transport barrier, 4.5±0.2 eV, measured for TiN(111) spiral step growth [64] provides further evidence that the dominant mass transport mechanism is surface, rather than, bulk diffusion. Thus, we attribute the decay of 2D TiN(111) islands in 3D concentric mound structures primarily to the presence of highly permeable steps in the detachment-limited regime.
IV.B. Bulk Diffusion and Surface Spiral Steps
In this section, we focus on the dynamics of surface loops and spiral steps, arising from the surface termination of a screw dislocation. Despite the fact that dislocations terminating on surfaces can strongly influence nanostructure stability, mechanical properties of thin films, chemical reactions, transport phenomena, and other surface processes; most theoretical and experimental studies have focused on dislocation motion in bulk solids under applied stress [65, 66] and step formation due to dislocations at surfaces during crystal growth [25, 26, 53, 67] or evaporation [68, 69, 70] . As a result, very little is known concerning the near-equilibrium dynamics of dislocations at surfaces. Figures 5a and b illustrate the nucleation and growth of TiN(111) spiral steps and loops at the cores of dislocations terminating on TiN(111) surfaces as observed in-situ by LEEM [71] during annealing in N 2 . (We define a loop as a 2D island formed around a surface step segment pinned at both ends by dislocations). Fig. 5a shows the formation of a concentric spiral step structure around a dislocation core, while the images in Fig. 5b capture the nucleation and growth of a closed loop. The spiral and loop steps both exhibit three-fold symmetry with a truncated-hexagonal shape, i.e. the near-equilibrium shape of 2D TiN(111) islands [52] , indicative of fast step edge diffusion. Note that these spirals and loops are observed during annealing with no net mass gain or loss and, as we will show, are not the growth structures predicted by BCF [53] .
Figures 5a i-iv reveal a remarkable feature: the spiral steps rotate around the dislocation core resulting in an increase in the total step length with time t as the spirals undergo a shape-preserving anticlockwise motion with a constant angular velocity ω. That is, the shape and size of the spiral are periodic with time τ = 2π/ω. For the spiral shown in Figs. 5a i-iv, τ = 47 s corresponds to one complete rotation at the annealing temperature T = 1688 K; the spiral shown in i is geometrically identical to the one in iv. During the period τ, the layer labeled 3 disappears from the field of view in Fig. 5a iii and a new layer, labeled 0, is formed (Fig. 5a iv) as the dislocation core climbs by a unit step height, a ⊥ = 2.4 Å, normal to the surface.
Figs. 5b i-iii show nucleation and growth of a loop originating at a defect. Upon detaching from the defect, the expanding loop (Fig. 5b iv) regains the equilibrium shape of 2D TiN(111) islands [52] . This process, like the nucleation and growth of spiral steps, is also periodic. For the loops shown in Figs. 5b i-iv, τ = 85±5 s corresponds to the loop nucleation period at T = 1653 K.
Analogous to the growth spirals and loops observed in bulk solids due to the operation of Frank-Read [72] and/or Bardeen-Herring [73] sources under applied stress [74] , and on surfaces during crystal growth as predicted by the BCF theory [53] , the features observed in Figs. 5a and b are due to surface steps pinned by a single dislocation (in the case of a spiral) and a pair of oppositely signed dislocations (for a loop), respectively. For a single dislocation, the steps emanating from the cores wind into expanding spirals. With a pair of oppositely signed dislocations, as illustrated in the schematic diagrams of Fig. 5c , the expanding spirals originating from the cores rotate in opposing directions, eventually coming into contact to form a loop which increases in size.
Our model for this phenomenon is based upon two assumptions. (1) A nonequilibrium concentration of point defects exists in the bulk. This is reasonable based upon the fact that TiN x is known to have a very wide single phase region extending from x = 0.6 to x = 1.2 and can sustain both high anion (N) and cation (Ti) vacancy concentrations [75] . Given that we observe steps emanating from the grooves (the thick dark lines visible in the LEEM images in Fig. 5) annihilating the spiral steps, we conclude that spirals grow inward, normal to the surface. Note, however, that there is no net mass gain or loss. The surface point defect concentration eq s C is at thermal equilibrium since a N-terminated surface is energetically favourable for TiN(111) [76] . (2) Dislocation cores emit/absorb point defects at a thermally activated time-independent rate R; a plausible assumption given that dislocation cores act as sources/sinks for point defects [77, 78] .
Consider, for simplicity, a circular loop of radius r loop centered around a core region of finite radius r core . The surface point defect concentration C(r) at any position r, with r core < r < r loop , is given by the diffusion equation 
while at the loop:
In Eq. (15), k s is the rate of attachment/detachment at the step and dr
In deriving the above formalism, we have neglected the curvature-driven flux from the loop to the local environment. In the detachment-limited regime, the contribution to dr loop /dt due to this flux, which is proportional to -1/r loop , is small and hence will have little effect on the growth velocity dr loop /dt in Eq. (16) . The important point is that the form of Eq. (16) is qualitatively different from Eq. (7), the parallel equation describing the 2D island decay (Ostwald ripening) process. We note that Eq. (16) is also valid, without loss of generality, for non-circular loops and spiral steps far from the core. Clearly, from Eq. (16), the loop (and spiral) growth rate dA dt = Ω R is time-invariant consistent with the constant slopes obtained in our measurements of A vs. t in Fig. 6 .
In formulating Eq. (16), we assume an equilibrium defect concentration eq loop C associated with the loop. This is justified for the first loop, since steps near the core and far from the boundary maintain a truncated-hexagonal shape with 3-fold symmetry, the equilibrium shape of TiN(111) islands. (This observation also suggests that localized growth flux at the cores may have negligible effect on step shapes.) However, far from the cores we find: (i) steps with non-equilibrium shapes that vary with the spiral geometry and (ii) step bunching. We attribute these observations to the presence of grooves bounding the spirals. Hence, modelling growth kinetics of multiple loop/spiral steps requires a better understanding of the effects of the geometric constraints imposed by physical boundaries on step chemical potentials Finally, our model assumes a constant rate R for the emission/absorption of point defects at dislocation cores. R depends on two driving forces: (1) minimization of dislocation line energy and (2) equilibration of bulk point defects. In the first case, spiral and loop growth will continue to occur until the disappearance of the dislocation core. In the second case, however, R is a function of the concentration gradient between the surface and the bulk, which decreases with time. Hence, this driving force terminates upon equilibration of the bulk point defect concentration. In order to test the validity of our model, we studied the long time behavior of spiral growth rates. Fig. 7 is a typical plot of ω vs. t values (solid circles) obtained from 17 successive spirals generated from the same dislocation core (highlighted in the associated LEEM image) while annealing a TiN(111) sample at T = 1727 K with 2 N p held constant at 5x10 -8 Torr. We find that ω decreases monotonically from ≃ 0.09 rad/s to ≃ 0.07 rad/s, i.e. an ≃22% reduction in ω, within 1340 s at 1727 K. If we assume a linear relationship, the ω(t) data can be fit using least-squares analyses (dashed line in Fig. 7 ). The observed decrease in ω with time can be attributed to: (1) the effect of already existing steps on the nucleation of new steps (a "back-force" effect [79] ) and/or (2) equilibration of the point-defect concentration in the bulk. In the first case, the geometry of the spiral structures, while in the second case, the N 2 pressure, could affect the TiN(111) spiral step growth kinetics. Since the spirals in our experiments are situated in very similar surface geometries, the effect of local environment on spiral growth kinetics cannot be determined. Thus, we focused on the effects of 2 N p .
We measured ω while varying 2 N p between zero and 5x10 -7 Torr at constant T. suggesting that molecular N 2 does not significantly change the surface and bulk compositions of N-terminated TiN(111).
From an Arrhenius plot of ω(T) data, determined from separate sets of LEEM images acquired at four different temperatures T, we find an activation energy E d = 4.5±0.2 eV; compared to 2.3±0.6 eV for the decay of 2D TiN islands on TiN(111).
The fact that we measure a higher activation barrier E d for spiral growth than for island decay (and E d is significantly lower than the desorption energies for TiN and Ti adspecies [76] ) provides strong evidence that the dominant mass transport is along dislocation lines rather than surface diffusion or evaporation. Hence, E d corresponds to the activation barrier for dislocation motion which is generally associated with point defect formation and migration along the dislocation (also referred to as "pipe diffusion") [80] . This is physically reasonable since bulk point defect migration, expected to influence surface dynamics at sufficiently high temperatures [56] , has a smaller activation barrier along dislocation lines [80] than in dislocation-free areas. 
V. CONCLUSIONS
In this chapter, we discuss recent progress toward developing a fundamental understanding of morphological evolution on surfaces of compounds such as TiN. In situ high-temperature STM and LEEM studies provide insights into the effects of surface-and bulk-mass transport processes on surface step motion. Specifically, we focused on the effects of step permeability, step-step interactions, bulk diffusion, and surface-terminated dislocations on the coarsening/decay kinetics of 3D island stacks; and the dynamics of surface steps.
This report is intended to complement and extend the existing literature on both isotropic and anisotropic island dynamics. With the recent surge of interest in synthesis and characterization of nanostructures, there is growing need for understanding the atomic-scale mechanisms governing the formation and stability of nanostructures. Our studies are an effort to extend the existing formalism describing 2D island dynamics to the analyses of surface defects and anisotropic 3D nanostructures.
